We investigated the impact of soil moisture on gross primary production (GPP), chlorophyll content, and canopy water content represented by remotely sensed vegetation indices (VIs) in an open grassland and an oak savanna in California. We found for the annual grassland that GPP late in the growing season was controlled by the declining soil moisture, but there was a 10-20-day lag in the response of GPP to soil moisture. However, during the early and middle part of the growing season, solar radiation accounted for most of the variation in GPP. In the oak savanna, the grass understory exhibited a similar response, but oak trees were not sensitive to soil moisture in the upper 50 cm of the soil profile. Furthermore, while we found most VIs to be more or less related to soil moisture, the Visible Atmospherically Resistance Index (VARI) was the most sensitive to the change of soil moisture.
Introduction
Plant-available soil moisture is a key element in ecosystem functioning, since it links energy balance and hydrological cycles, contributes to vegetation composition and richness, and impacts productivity. California's Mediterranean climate is characterized by highly variable winter precipitation and prolonged summer drought, and its vegetation communities are strongly affected by the availability of water, resulting in pronounced annual cycles of growth and senescence [1] . For example, the growing season of annual grasslands typically begins in the wet and cool winter after major rain events and extends to the late spring supported by a declining supply of soil moisture. Given the nature of the hydroclimate regime in California, understanding the response of different plant functional types to soil water availability should be a primary objective of any advanced natural resource management system. Semiarid savanna in California, which is composed of widely spaced trees, understory grasses, and forbs, is a common land cover type in California. It has been hypothesized that trees and grasses are able to coexist because of either their differences in resource-acquisition potentials or differences in demographic mechanisms, under such disturbances as fires and grazing [2] [3] [4] . In general, spatial niche separation in root distributions appears to be more prevalent in arid systems [5] , and plant-available moisture, rather than nutrients, may be the main resource limiting plant growth in savannas [6, 7] . Regardless of the ultimate controls on savanna structure, trees and grasses compete for available soil water, and although grasses are typically superior competitors for water in the upper horizons owing to their relatively shallow and dense root systems, trees are thought to persist because of exclusive access to deeper water [2] . The exchange of carbon dioxide (CO 2 ) and water vapor between the atmosphere and plants is controlled in most plants through the opening of stomata, which is driven by a number of environmental factors including the amount of water in soil [8] . The photosynthetic rate will decrease as plants receive the signal of water stress through osmotic adjustment [9] . Deficiencies of water have also been shown to adversely affect chlorophyll production and canopy water content in some plants [10] , but not adversely impact chlorophyll production in others [11, 12] . The correlation between photosynthesis, chlorophyll content and canopy water content with soil moisture therefore varies among different types of vegetation. In this study, we investigated the responses of different plant functional types to soil moisture dynamics within California's semiarid oak savanna. Vegetation responses may include many aspects, but here we focused on: (1) CO 2 assimilation, as measured by leaf CO 2 exchanges, and (2) greenness and canopy water content, as represented by remote sensing vegetation indices (VIs).
There have been many studies of the controls of environmental variables, particularly precipitation, on CO 2 exchanges in forests, savannas, and grasslands [13] [14] [15] [16] [17] [18] [19] . Many long-term carbon flux studies have concluded that precipitation has a great impact on the interannual variability of primary production, but have often ignored the fact that precipitation is not equal to water available to vegetation. Plant-available soil moisture depends not only on the amount and the timing of precipitation, but also on the hydrological and physical properties of soil. However, few studies have concentrated on analyzing the impact of soil moisture on productivity of vegetation, mainly due to the scarcity of soil moisture data. Knapp et al. [20] evaluated landscape variability in soil-water-plant relations and net primary production (NPP) in tall grass prairie and found that NPP was linearly related with soil water content along two transects (R 2 = 0.66). Reynolds et al. [21] studied the relationship between rainfall, soil moisture and plant responses, and their results suggested that productivity in deserts did not respond to rainfall events directly but to available soil moisture. Although Xu and Baldocchi's [17] study stated that leaf area index (LAI) explained over 84% of the variance in gross primary production (GPP) in the Mediterranean annual grassland and the remaining 16% was attributed to some combinations of vapor pressure deficit (VPD), temperature, radiation, and soil moisture, the direct impact of soil moisture on GPP was not explored. Therefore, it is essential to investigate the relationship between GPP and soil moisture for arid and semiarid ecosystems dominated by different plant functional types on both seasonal and interannual timescales.
Soil moisture dynamics not only affect a plant's carbon assimilation, but also impact canopy properties (such as leaf area, leaf water content, and greenness) through stomatal control and biochemical control [22, 23] , resulting in variability in vegetation spectral signatures. Although microwave remote sensing has demonstrated the capability for measuring soil moisture [24] [25] [26] , it is difficult to evaluate how vegetation responds to the change of soil moisture using microwave remote sensing techniques, because vegetation is semitransparent in the spectral region. VIs, derived from optical remote sensing reflectance data, have proven to qualitatively and quantitatively respond to vegetation properties, including chlorophyll content [26] [27] [28] and canopy water content [29, 30] . Because of their sensitivity to changes in vegetation properties, VIs have been related with soil moisture either to estimate soil moisture or to evaluate the extent of water stress. For example, Farrar et al. [31] showed that the Normalized Difference Vegetation Index (NDVI) varied with soil moisture in a concurrent month in southern African savannas. Dennison et al. [32] found a significant nonlinear relationship between soil water availability and equivalent water thickness (EWT) derived from Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) for different vegetation types. While EWT is not a vegetation index, it is highly responsive to changes in leaf area [33] . Studies in the US Corn Belt have also shown a linear relationship between NDVI and soil moisture [34, 35] . In particular, Adegoke and Carleton [34] found that vegetation indices lagged up to 8 weeks behind soil moisture. In addition, remotely sensed vegetation indices together with surface radiant temperature have also been used to estimate surface soil moisture [36] [37] [38] . These results provide evidence that vegetation indices are responsive to soil moisture variations in arid and semiarid areas, but the relationship between vegetation indices and soil moisture is modified by temperature and soil properties. As Rodriguez-Iturbe [39] stated in the vision of the future water resources research "satellite measurements provide us with a wealth of information about the spatiotemporal evolution of vegetation at different scales and under different climatic conditions. Much research needs to be carried out in the development of models which effectively represent the space-time dynamic interaction between climate, soil, and vegetation, especially in water-controlled ecosystem."
In this study, to explore vegetation responses to changes in soil moisture, we evaluated the relationship between soil moisture and GPP, and remotely sensed measures of greenness and canopy water content in a Mediterraneanclimate annual grassland and an oak savanna. Specifically, we addressed the following questions.
(1) How does GPP respond to seasonal soil moisture fluctuations in annual grassland and oak savanna in California? Is soil moisture the major factor determining seasonal variability of GPP for these grassland and oak savanna? (2) 2.2. Data. CO 2 and water vapor fluxes were measured at a 30 min interval using eddy covariance systems. At the savanna site, the CO 2 flux was measured both in the understory (2 m above the ground) and overstory (23 m above the ground). It is assumed that the overstory tower collected CO 2 flux from both oak trees and grasses, while the understory tower primarily measured flux from grassland. GPP was computed by subtracting ecosystem respiration from net carbon exchange, in which ecosystem respiration was derived from nighttime measurements of net ecosystem carbon exchange using flux partitioning methods described by Xu and Baldocchi [17] . Standard meteorological and soil parameters were measured continuously with an array of sensors. Volumetric soil water content was measured with frequency domain reflectometry sensors, which were placed vertically at depths of 5, 10, and 20 cm for the open grassland site and 5, 20, and 50 cm for the oak savanna site. LAI of the herbaceous vegetation was measured periodically using destructive sampling methods at intervals of 2-4 weeks [17] . Meteorological data used in this study included precipitation, photosynthetically active radiation (PAR), air temperature, and VPD. At the oak savanna site, PAR, air temperature, and VPD were measured in both the understory and overstory. Phenological dates of the beginning and the end of growing season were based on the data provided by Ma et al. [40] . Details about the experiment, instruments, data processing, and data quality have been presented by Flanagan et al. [16] and Baldocchi et al. [42] .
A composite MODIS time series at 500 m spatial resolution developed at UC Santa Barbara [43] was analyzed from 2002 to 2006. These data have a 16-day compositing period and preserve the original seven MODIS 500 m resolution bands while selecting for the pixel within each compositing period that is the most stable for spectral shape and brightness, thereby minimizing the adverse impacts of clouds, aerosols, and the changing viewing geometry on MODIS spectra. Four vegetation indices that are sensitive to chlorophyll content and canopy water content were calculated based on reflectance data, including the Normalized Difference Vegetation Index (NDVI: [44] ), the Visible Atmospherically Resistance Index (VARI: [45] ), the Normalized Difference Water Index (NDWI: [46] ), and the Shortwave Angle Slope Index (SASI: [47] ).
Methods.
In our analyses, half hourly measured air temperature, volumetric soil water content, and VPD were averaged during the daytime when PAR exceeded 10 μmol/m 2 /s, and the measurements of PAR, GPP, and precipitation were accumulated by day for both sites. Soil water content at 10 cm and 20 cm was utilized in the analyses of grassland, and soil water content at 20 cm and 50 cm was used for the oak tree analyses. We chose soil moisture at a certain depth instead of the average of soil water content at three depths because the difference, in terms of comparing the values, between these two approaches was minimal.
For analyzing relationships between vegetation indices and soil moisture, soil moisture was extracted on the same day as the selected MODIS pixel and it was also averaged within the 16-day period. Vegetation indices were calculated based on the reflectance of the day when the image was taken; detailed information about NDVI, VARI, NDWI, and SASI are presented below.
NDVI is calculated as
where R NIR and R red represent the reflectance of near infrared and red wavelengths, respectively. NDVI is the most extensively used VI, a good indicator of canopy structure, green biomass, green LAI, and chlorophyll content [48] . However, it is well documented that NDVI saturates at high LAI values and it is also affected by other factors such as soil background, canopy shadows, illumination, and atmospheric conditions [48, 49] . Unlike NDVI, VARI utilizes the difference between green reflectance and red reflectance in response to changes in chlorophyll, and therefore VARI is sensitive to variations of green vegetation fraction, with correction of atmosphere effect. VARI is calculated as
NDWI replaces the red band in the NDVI with the 1240 nm shortwave infrared (SWIR) band, in order to maximize the spectral expression of water in leaves and to take advantage of high near-infrared reflectance of vegetations and soils. Thus NDWI responds to changes in the water content of a vegetation canopy. It is calculated as
where R NIR and R SWIR represent reflectance of near infrared and SWIR, respectively. Whiting et al. [50] demonstrated that the SWIR region could be fitted by an inverted Gaussian function that is highly correlated to moisture content in soils. SASI simulates the general shape of this part of the spectrum, calculated as product of the angle at the SWIR1 (at 1240 nm) of MODIS data and the difference of the reflectance at NIR and the SWIR2 (at 1640 nm): where a, b, and c are the Euclidian distances between NIR and SWIR1, SWIR1 and SWIR2, and SWIR2 and NIR. Since SASI is based on the SWIR region, it is sensitive to moisture and not photosynthetic activity, revealing different dynamics from NDVI. High positive values characterize dry soils, and high negative values characterize healthy vegetation, while, for the case of plant dry matter, SASI approaches zero [51] .
We performed all statistical calculations with MATLAB 7.1. For regression analysis, we used the least-square method, and the probability of significance (P value) was determined at the significance level of .01. The significance of the correlation between two variables was evaluated using the Pearson correlation coefficient (r) and the coefficient of determination of linear regressions (R 2 ). Figure 1(a) . The invasive grasses at this site typically germinate a week after an autumn rainstorm with total precipitation of at least 15 mm [17] . At the beginning of the growing season, soil-water resources were sufficient, but the temperature was low and PAR was limited, so the grasses grew slowly, leading to a slow, steady increase in GPP. In the spring, warmer temperature, longer day length, and ample soil moisture contributed to the fast growth of grasses and GPP reached its peak in March or April. Grasses usually maintained peak GPP for a short time of one to two weeks, and then following the rapid decline in soil moisture and an increase in air temperature after peak, GPP declined to zero within two months.
Results

GPP and Soil Moisture in the Grassland
Although grasses respond to increased soil moisture, our analysis shows that, at the beginning of the winter growing season, well before GPP reached its peak, grass growth was not controlled by soil water availability. The relationship between GPP and soil moisture at both depths was negative and weak. This is because the frequent winter precipitation and low evapotranspiration rate at this time led to sufficient soil water, but the low PAR and low air temperature limited photosynthesis, resulting in slow growth and low water demand. However, the soil dry-down curve did coincide with declining grass GPP (Figure 2 ). Both soil moisture and GPP decreased to a steady state within two months, but the decrease of soil moisture occurred earlier than GPP. Therefore, we assessed the correlation between GPP and lagged soil moisture for each year when they were decreasing. Interestingly, there was a significant linear relationship between GPP and soil moisture lagged by 10 to 20 days in the open grassland site. And the relationship was stronger for soil moisture at 10 cm than for soil moisture at 20 cm. The lag time was determined based on the maximum correlation coefficients between GPP and lagged soil moisture. The relationship between declining GPP and lagged soil moisture at the end of spring was still observed in grasses under the oak canopy, but it was less pronounced (Table 1(b) ). The lag with the highest correlation between GPP and soil moisture ranged from 5 days in 2003 to 22 days in 2002, differing slightly from the open grassland. This difference was likely caused by the modified radiation and air temperature environment under the tree canopy. It is also likely that the oak trees impacted soil water in ways that affected below-canopy grasses, such as by hydraulic redistribution [52] .
The comparison of seasonal variations in oak tree canopy GPP against 50 cm soil moisture suggests that oak GPP is not controlled by soil water availability in the upper soil horizons. Oak trees in the savanna started to develop leaves in March when soil moisture and light were ample and air temperature was increasing. The leaf expansion stage overlapped with vigorous growth of grasses. Peak oak canopy GPP was achieved in May while the moisture in shallow soil was depleted and the understory grasses were senescing. A substantial portion of the growing season lacked any precipitation and the trees retained leaves for several months until winter arrived. The weak relationship between oak GPP and soil water content in the upper horizons is supported by the findings of others that trees are able to store water and nutrients and to tap water from deeper soil horizons [53, 54] . The cumulative GPP in the growing season of oak trees for each year did not change much even in the very dry year, indicating that the growth of oak trees is not prone to the short-term environmental changes, presumably due to its very deep root system and possibly some internal storage capability.
Vegetation Indices and Soil Moisture.
In this section, we investigate the impact of soil-moisture fluctuations on the canopy chlorophyll content and water content as represented by different vegetation indices derived from MODIS data. Figure 3 shows the time series of indices and soil moisture at 20 cm at both sites. NDVI, VARI, and NDWI showed similar responses to the changing soil moisture over the five-year period, while SASI responded in an opposite way. However, changes in the indices were not in phase with the change of soil moisture, similar to the GPP response to the declining soil moisture. At the beginning and the middle part of the growing season (before GPP and VIs decreased), NDVI, VARI, and NDWI were low (SASI was high) and started to increase (SASI started to decrease) when soil moisture became sufficient. NDVI, VARI, and NDWI began to decline (SASI began to increase) after soil moisture started to drop in the spring. To analyze relationships between four vegetation indices and soil moisture, we evaluated Pearson correlation coefficients (r) between these indices and soil moisture at different depths extracted on the exact day selected for the composite and averaged over the 16-day compositing period ( Table 2 ). The results demonstrate that the four indices are more or less related to soil moisture. Overall, VARI had the strongest relationship at both sites, and VARI increased as soil moisture increased during the five-year study period. The weaker relationships between NDWI/SASI and soil moisture were surprising as one would expect NDWI and SASI to be more responsive to the change of soil moisture because of their sensitivity to the leaf water content. In the open grassland, the relationship was marginally stronger with averaged soil moisture at 10 cm compared to 20 cm; in the oak savanna, the relationship was slightly stronger with soil moisture at 20 cm.
Interestingly, the curve of the relationship between VARI and 16-day average soil moisture was slightly different in the open grassland and oak savanna site, although at both sites, the relationship can be fitted with a quadratic polynomial statistical function (Figure 4) . The relationship in the open grassland was clear and nearly linear, but in the oak savanna, the relationship is more scattered and VARI tends to drop at high soil water content. VARI in the oak savanna site was more variable (variance is 0.21) than it was in the open grassland (variance is 0.14). VARI changed dramatically in the middle of the growing season of grasses. This is probably because the growing season of Blue Oaks starts later than the grasses in the oak savanna, which may cause the abrupt increase in vegetation indices during the period when trees were greening up and grasses were in the middle of the growing season. In addition, VARI was lower in the oak savanna at the beginning of the growing season when soil moisture was sufficient, resulting in a cluster of low VARI at high soil water content. However, further studies about the background effect and the reflectance signature of the oak savanna are needed to explain the variations of vegetation indices in the oak savanna site. Furthermore, we analyzed the relationships between the indices and soil moisture during the beginning and middle part of the growing season before GPP and VIs began to decrease. We also analyzed the relationships separately during the dry-down and senescence season when soil moisture began to decline and finally became depleted. We did not find significant relationships between any of the indices and soil moisture during the beginning and middle part of the growing season, which explained the scattered pattern shown in Figure 4 as well as the weak relationship for NDWI and SASI. The analysis during dry-down and senescence period revealed a stronger linear relationship between VARI and averaged soil moisture ( Figure 5(a) ), suggesting that VARI can quantify the change of soil moisture via the change in chlorophyll content when plants are subject to water stress.
Since GPP was linearly related with lagged soil moisture during the dry-down season in the grassland, we evaluated the relationship between the vegetation indices and soil moisture lagged by 0 to 30 days during the dry-down season. A stronger linear relationship between VARI and 17-22-day lagged soil moisture was observed in the open grassland (Figure 6(a) ). This result is in agreement with the finding of the strong relationship between GPP and lagged soil moisture from year 2002 to year 2006 during the dry-down season in the open grassland. We also examined the relationship between VIs and soil moisture in the oak savanna during the same dry-down period (Figure 6(b) ). Relationships are slightly stronger with 11-day lagged soil moisture. Using lagged soil moisture improved the significance of the relationship between soil moisture and VARI ( Figure 5(b) ), implying that canopy chlorophyll content is affected by the antecedent soil water status.
The comparison between VARI and NDWI at both sites suggests that the change of NDWI at the beginning of the growing season was slower than the change of VARI. VARI began to increase after the first major autumn rainstorm, which coincided with the phenology data provided by Ma et al. [40] , while NDWI did not respond to the change of canopy until January. This explained the significant relationship, particularly in the open grassland, between NDWI and soil moisture during the five-year period.
Discussion
Environmental Controls on GPP.
GPP was weakly correlated with soil moisture during the beginning and middle part of the growing season, but was strongly correlated with soil moisture lagged up to 25 days during the dry-down period. To investigate factors other than soil moisture that controlled GPP, we evaluated the relationships among GPP and PAR, air temperature, precipitation, and VPD by calculating the correlation coefficients (r) in the open grassland and in the grassland under oak canopy. At both sites, PAR and air temperature were strongly correlated with GPP during the beginning and middle part of the growing season before GPP began to decline. However, the regression model between air temperature and GPP was less Applied and Environmental Soil Science significant in comparison to the correlation between PAR and GPP, indicating the stronger control of PAR on GPP. Figure 7 shows the linear relationship between GPP and PAR during the beginning and middle part of the growing season. Outliers highlighted in Figure 7 revealed the pulses of GPP in response to specific rainfall events when GPP increased abruptly on the sunny day right after the rainfall in the open grassland site.
Grasses responded slowly to the change of soil moisture, in comparison to their responses to VPD. During the late growing season, after GPP reached its peak, VPD was negatively correlated with GPP, explaining from 20% (in 2002) to 57% (in 2004) of the variability in GPP. However, GPP was also observed to decrease because of cool weather, with low temperature and low PAR, even though the precipitation events had occurred several days before and supplied sufficient water.
The impact of environmental variables on the GPP of oak trees was not significant. PAR accounted for only 20% of the variability in GPP in the growing season. At the beginning of the growing season, pulses of GPP in response to specific rainfall events were observed. After the rain stopped, the GPP of oak trees was negatively correlated with air temperature in the dry season, which accounted for 60% of the variability in GPP of oak trees. The impact of VPD on stomatal conductance and thus leaf photosynthesis and GPP was more obvious in the middle of the growing season (between April and July), when water in the soil was becoming limited. During this period, VPD was negatively correlated with GPP, explaining about 40% to 48% percent of the variability of GPP. GPP usually decreased as soon as VPD reached above 2.0 kPa and when air temperature exceeded 19
• C.
The Soil Effect on the Relationships between Vegetation
Indices and Soil Moisture. Based on the previous analyses, VIs derived from MODIS data respond to the change in soil moisture, particularly in the open grassland, because a change in soil moisture may induce a change in leaf water content as well as a change in chlorophyll concentration and leaf internal structure [55] . Factors that may confound the relationship between soil moisture and a change in a VI are the combined impacts of the amount of exposed soil and green vegetation density within the pixel. In an early stage of vegetation development, green LAI is low and exposed soil or senesced plant material may be high. In this case, the change in substrate albedo associated with a change in soil moisture may significantly modify pixel reflectance [56, 57] . At maximum LAI, the amount of exposed soil is low, and VIs would be expected to be the least sensitive to changes in substrate albedo and most sensitive to a change in leaf water content or chlorophyll content. To evaluate a potential impact of exposed soil-and soil-moisture-related changes in substrate albedo, the VI-soil-moisture correlation was analyzed at low LAI (0.4-0.5 for the open grassland and 0.1-0.2 for the grassland under oak canopy at the beginning and the end of the growing season) and at the high LAI (2.0-2.5 for the open grassland and 1.0-1.5 for the grassland under oak canopy). At low LAI, the relationships between VIs and soil moisture were weak, suggesting that soil-moisturerelated changes in albedo were minimal on normalized vegetation indices as shown by [57, 58] . In contrast, strong linear relationships between NDVI/VARI and soil moisture were observed at both sites when LAI was high (Figure 8 ). This result implies that when leaves are fully developed, the chlorophyll content and leaf area are highly sensitive to the change of soil moisture. The linear relationships are more pronounced in open grassland than in oak savanna, where oak trees are not developing in phase with grasses and confounding the reflectance signal.
Conclusions
In this paper, we explored the responses of a grassland and an oak savanna to changing soil moisture based on five years of flux tower and meteorological data, along with MODIS imagery for the same period. Analysis of the relationship between soil moisture and GPP in open grassland and oak savanna showed that in annual grasslands, the senescence rate of grasses was controlled by the declining rate of soil moisture, but with a 10-20-day lag between GPP and soil moisture. This result implies that GPP during the late growing season is affected by antecedent soil water availability. However, during the beginning and middle part of the growing season, the build-up toward maximum GPP was largely controlled by PAR, which drives photosynthesis, surface sensible and latent heating, and air temperature. Although GPP during the late growing season in understory grasses was still linearly correlated with antecedent soil moisture, the relationship was weaker than in the open grassland. The phenology of the Blue oak canopy is somewhat divorced from the rainfall cycle; this species leafs out in March and senesces in October or November, and thus missing the initial stages of the annual soil moisture recharge while remaining photosynthetically active after the soil dry-down period. The annual GPP of oak trees did not vary across years, and even in the extreme dry year 2004, the annual oak GPP only decreased 2.1% in comparison to the GPP in prior, normal rainfall year (2003) .
To investigate the impact of soil moisture on canopy chlorophyll content and water content, we assessed the relationships between soil moisture and four VIs derived from MODIS imagery. Overall, grass NDVI and VARI had a stronger relationship with soil moisture during the drydown and senescence season, when the leaf water content and greenness were the most sensitive to changes in soil moisture. Furthermore, as expected, VIs were linearly correlated with lagged soil moisture during the dry-down period. The analysis of the relationship between VIs and soil moisture at low grass LAI value demonstrated that normalized reflectance reduced the soil background effect which resulted from the change of soil water content. However, at the highest LAI value, when grasses are fully developed, chlorophyll content was highly responsive to the change of soil moisture, leading to strong relationships between NDVI/VARI and soil moisture.
Although this study was based in California, the results should be applicable to other semiarid and arid regions in the world, including warm desert and semidesert, and other Mediterranean-climate areas. These regions are important because of their high plant diversity and, in Mediterraneanclimate regions, their high human population density. As climate change may aggravate water stress in these areas, studies focusing on the response of ecosystems to the change of soil water availability are essential for conservation studies and for natural resource management. The combination of flux tower data and remotely sensed data provides a novel strategy for examining the response of vegetation to soil-moisture fluctuations. The clear relationship between MODIS-derived VIs and soil moisture in the open grassland during the dry-down period indicates that remotely sensed data can detect soil water availability in shallowly rooted vegetation during the water-limited period. However, it is difficult to effectively use remotely sensed data to assess the response to soil water availability in ecosystems that are dominated by deeply rooted plants, because deeply rooted plants are less responsive to the short-term change of environmental variables. Within these limitations, it seems clear that incorporation of remotely sensed data in studies of vegetation response to declining soil water availability will expand the range of spatial scales and advance prediction of plant water stress in climate change scenarios.
